Introduction
Lipoprotein lipase (LPL),' a 52-kD protein found in association with heparan sulfate proteoglycans on endothelial cells, hydrolyzes triglycerides in chylomicrons and VLDL (for review see references 1 and 2). The human enzyme is encoded by a 4-kb cDNA (3) which encompasses 10 exons spanning 28 kb of genomic DNA on chromosome 8. The mouse LPL gene is on chromosome 8 and has the same exon-intron organization as its human counterpart (4) . The two genes show 88% sequence identity in the coding region. LPL is found in almost all tissues in the body but is most abundant in adipose tissue and in skeletal and cardiac muscle. Lipolysis mediated by LPL promotes the exchange of lipids and surface apolipoproteins between lipoprotein particles, thereby affecting the size, amount, and metabolism not only of triglyceride-rich lipoproteins but of LDL and HDL as well (5) . Patients with homozygous LPL deficiency (type I hyperlipoproteinemia) have severely elevated chylomicrons and VLDL and reduced LDL and HDL levels (6) . Severe hypertriglyceridemia with reduced LDL and HDL can also be caused by immunological inhibition of LPL (7) . A similar lipoprotein profile has been described in the cld mouse (8) , which is both LPL and hepatic lipase deficient due to a mutation affecting lipase processing and secretion (9) . Humans with heterozygous LPL deficiency have a tendency to hypertriglyceridemia with advancing age, obesity, and diabetes, as well as during metabolic stress (10) (11) (12) (13) (14) . LPL deficiency has been suggested as a cause of familial combined hyperlipoproteinemia (FCHL) a condition characterized by increased VLDL and LDL levels due at least in part to increased hepatic secretion of apo B-containing lipoproteins (15) (16) (17) . Several groups have made LPL transgenic mice (18) (19) (20) and found that LPL overexpression causes decreased triglycerides and increased HDL.
In addition to lipoprotein processing, LPL may have other functions in the body. By virtue of its ability to make fatty acids derived from hydrolyzed lipoprotein triglycerides available to underlying tissues, LPL could regulate storage in adipose tissue or energy utilization in skeletal muscle of fat-derived calories. Thus, the absolute or relative tissue levels of LPL could play a role in obesity (21) (22) (23) (24) . Another possible function for LPL has been suggested by tissue culture studies showing that LPL can serve as a bridge between lipoprotein particles and proteoglycan matrices on cell surfaces and can augment lipoprotein uptake through both receptor-dependent and -independent mechanisms (25, 26) . LPL, by virtue of its endothelial location, may be involved in localizing lipoprotein particles to the vessel wall and in promoting atherogenesis (27) (28) (29) (30) . Finally, in vitro and ex vivo experiments have shown that LPL can increase the uptake of fat-soluble vitamins A and E by a variety of cells (31) . If this is the case in vivo, then LPL may control tissue levels of certain fat-soluble vitamins.
To rigorously test in vivo the various roles postulated for LPL, a line of LPL knockout mice was created. Mice completely lacking LPL are grossly normal at birth, yet within 18 h become progressively pale, develop cyanosis, and die. Their plasma shows massive hypertriglyceridemia and histological examination reveals virtually absent adipose tissue stores, severe reductions in intracellular lipid droplets in many organs such as liver and skeletal muscle, and dilated capillaries and hepatic sinusoids engorged with large lipoprotein particles. Heterozygous LPL knockout mice have moderate hypertriglyceridemia, with decreased removal but not increased synthetic rates of triglyceriderich lipoproteins. These findings indicate a vital role for LPL in the removal of triglyceride-rich lipoproteins from mouse plasma and provide a novel animal model in which to pursue studies of postulated LPL functions in the body.
Methods
Generation of LPL-deficient mice 24 -well plates, clones were trypsinized and divided to be frozen down and expanded for genomic Southern blot analysis.The correctly targeted clone was injected into C57BL/6J host blastocysts and 10-20 embryos were transferred into the uterine horn of (C57BL/ 6J x CBA/J)F1 surrogate mothers (35) . All resulting chimeric animals were back-crossed to C57BL/6J mice and germ line transmission was scored by coat pigment. Heterozygous mutants were identified by genomic Southern blotting of tail tip DNA and were interbred to generate homozygous mutants.
Genomic Southern blot analysis. ES cell DNA was isolated by digesting cells in lysis buffer (1% SDS, 625 ,ug/ml proteinase K, 100 mM NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA) at 55°C overnight and spooling genomic DNA after precipitation in ethanol. Tail tip DNA was prepared by rocking tail tips in lysis buffer (36) at 55°C overnight and spooling genomic DNA after ethanol precipitation. To screen, ES cell and mouse DNAs were digested with NcoI and analyzed by genomic Southern blot according to Walsh et al. (36) .
Whole carcass LPL activities. 14-16-h pups were weighed and killed by decapitation. Stomachs were removed to prevent potential contamination by ingested maternal LPL in the breast milk. Tissues were placed in 1 ml DME + 2% BSA/100 grams of carcass and underwent high speed homogenization using the Polytron homogenizer for 30 s on ice. 2 U heparin/ml of homogenate was added and samples were immediately placed at 37TC for 1 h. Samples were then spun at 3,000 rpm for 5 min at 40C. 1 ml of supernatant was collected and respun at 12,000 rpm for 5 min at 40C. The LPL activity in 50 Ml of supernatant was assayed as described earlier (37) .
Lipid and lipoprotein analysis. Pup plasmas were obtained by killing 0-or 18-h-old litters and collecting blood via decapitation. Adult mouse blood was obtained from mice in the mornings after they had normal access to food (fed samples) and in the evening after they had fasted 8 h during the day (fasted samples). Total Six control and eight heterozygous mice with serum triglycerides levels of 127±50 and 213±97 mg/dl, respectively, were given intragastric bolus of retinyl palmitate (RP, 3,000 U) in corn oil (100 pA), followed by 150 MI corn oil, followed by 100 IL air. Mice were bled before and 1, 2, 4, and 10 h after vitamin A administration. Retinyl acetate (RA) internal standard was added to serum samples before lipid extraction (44) . Samples were resuspended in toluene (15 jil) and analyzed by reverse phase HPLC (Beckman Instruments, Inc., Fullerton, CA) using 2 ml/min methanol as the mobile phase (45) . Peak area of RP was normalized to that of RA. To correct for variation in potency of vitamin A batches, results are reported as percentages of maximum RP/RA ratio within each of the two experiments.
Body mass composition analysis of adult heterozygote mice. 4-12-mo-old male mice were killed by cervical dislocation and weighed (wet weight). To remove all body water, carcasses were placed in a 90'C convection oven until constant mass was observed. Total water content was calculated as pre-oven carcass weight minus post-oven carcass weight (dry weight). Carcasses were frozen briefly in liquid nitrogen and homogenates were prepared. 1 16 -h-old pups that were genotypically +/+, +/-, and -/ -and found to be 0.2, 0.1, and < 0.001 mM free fatty acids liberated/gram of carcass/ min, respectively (Fig. 1 D) .
Gross and ultrastructural pathology of the LPL knockout mouse. At birth LPL +/+, +/-, and -/-animals appear alike. If allowed to suckle, +/-pups develop normally, as compared with +/+ pups, while -/-pups become progressively pale and then cyanotic, and die by -16-18 h of age (several animals survived as long as 24 h) (Fig. 2) . In the premorbid state (16 h of age), light microscopy reveals widespread pathology. Several adipose tissue storage sites were investigated in multiple animals including subcutaneous adipose tissue (Fig. 3, A and B) and stores near the mandibular salivary glands (Fig. 3 C) . While + / + littermates have significant deposits in all sites investigated, the -/ -pups reveal a severe reduction or complete absence of adipose tissue. The livers of + / + animals contain copious amounts of intracellular lipid droplets, while in the livers of -/-pups these are largely absent (Fig. 4, A-D) with very large amounts of lipid appearing in the sinusoids. Electron microscopy of -/ -pup liver revealed extravasation of lipid from the lipid-engorged sinusoids into the intercellular spaces. This appears to have disrupted tight junctions and caused a general breakdown of parenchymal architecture (Fig. 4 E) . As in the liver, electron microscopy of skeletal muscle from -/-mice reveals a marked reduction of both perinuclear (Fig. 5 A) and perisarcolemic (Fig. 5 B) lipid droplets compared with controls. The lungs of -/-animals contain lipid-filled alveoli (not shown) as well as dilated capillaries engorged with large lipoprotein particles (Fig. 6 A) . Electron microscopy shows that within capillaries these particles are marginated and appear to block contact of the centrally located red blood cells with the endothelium (Fig. 6 B) .
Lipoprotein profiles and plasma lipids in mice lacking LPL.
HPGC was performed on small volumes of plasma to determine the lipoprotein profiles in + / +, + /-, and -/-pups at 0 and 18 h of age (Fig. 7) . At birth the lipoprotein profiles of +/+ and + /-animals were essentially identical and had very small to undetectable VLDL peaks, with the predominance of cholesterol in LDL. In comparison, 0-h profiles from -/ -pups revealed a larger VLDL peak with an apparent slight decrease in LDL and HDL. Compared to 0 h, profiles at 18 h for + / + and + / -pups had increased VLDL with a shift from LDL to HDL predominance. At 18 h, the profile for the -/-pups showed a dramatic increase in VLDL with markedly decreased to undetectable LDL and HDL. Total triglycerides and total and lipoprotein subfraction cholesterol levels were quantitated, with the results shown in Table I . At 0 h, lipid and lipoprotein levels were similar in + / + and + / -mice. While having normal total cholesterol, -/ -mice had a threefold increase in triglycerides and a sevenfold increase in VLDL-C compared with controls. At 18 h, triglycerides had increased in mice with all three genotypes but to a greater extent in the heterozygous and homozygous LPL knockout mice than in controls. Compared with +/ + mice, the +/-mice had a 3-fold increase and the -/-mice a dramatic 80-fold increase in triglyceride levels. Whereas total and lipoprotein cholesterol levels were not different in + / -versus + / + mice, the -/ -mice had elevated total and VLDL-C and diminished LDL-C and HDL-C levels.
Rescue of LPL knockout animals by breeding with transgenic mice expressing LPL exclusively in muscle. LPL is expressed in many tissues in the body, and it was of interest to determine whether the LPL -/-mice could be rescued and the lipoprotein profile normalized by expressing the enzyme in a single tissue. This was done by breeding a transgenic line containing the mouse muscle creatine kinase promoter driving a human LPL minigene onto the LPL knockout background. In a recent study, we showed that the transgene present in this line conferred human LPL expression only in skeletal and cardiac muscle and not in other tissues (46) . Muscle-specific expression of LPL rescued the LPL knockout mice, allowing them to survive into adulthood, at which time they had a normal lipoprotein profile as shown in Fig. 8 . These results show that LPL expression in a single tissue can rescue the null mice and strongly suggest that neonatal death is due to the LPL deficiency and the resultant hypertriglyceridemia, rather than to a hidden homozygous lethal mutation inadvertently induced in the ES cell clone that gave rise to the LPL knockout mice. Plasma lipids in adult heterozygous LPL knockout mice. Adult heterozygous LPL knockout mice were used to test the effect of half-normal total body LPL on triglyceride levels. Adult control and + / -mice were fed three types of diets, a low-fat chow diet (9% of calories as long-chain fatty acids), a Western-type diet (40% of calories as long-chain fatty acids), and a chow diet enriched in carbohydrates by supplementation of 10% sucrose in the drinking water. Triglycerides were measured in both the fed and the fasting condition. As shown in Table II , on each diet, in both the fed and fasted states, triglyceride levels were 52-126% higher in the + / -animals compared with controls. Total cholesterol was only modestly elevated (10-30%) in heterozygous knockout mice compared with controls. Lipoprotein subfraction analysis indicated that the increases in triglycerides and cholesterol were in the VLDL fraction as expected, but there was no change in LDL-C or HDL-C levels (data not shown).
VLDL metabolism in heterozygous LPL knockout mice. A VLDL turnover study was performed to determine the metabolic cause of the hypertriglyceridemia observed in the heterozygous LPL knockout mice. VLDL endogenously labeled with [3H] -palmitate was injected into control and +/-mice and plasma radioactivity was measured over time. As shown in Fig. 9 , radioactivity was lost more slowly from heterozygous LPL knockout plasma than from control plasma. This was most impressive during the first 20 min of the decay curve (Fig. 9 A) . Clearance of radioactivity from the plasma was consistent with a two-pool model and the VLDL production rate (PR) considered to be the fractional catabolic rate (FCR) times the pool size. As shown in Table III , there was a 42% reduction in the VLDL FCR in the +/-mice compared with +/+ mice, with no increase in PR. The change in FCR could therefore entirely account for the increase in plasma triglycerides in the heterozygous LPL knockout mice. Furthermore, as shown in Fig. 9 B, triglyceride levels correlate with the VLDL-FCR whether one considers all the mice together or the + / + and + / -groups separately. A second method was used to confirm that the PR of VLDL in the heterozygous LPL knockout mice was not elevated. Control and + / -mice were treated with Triton WR 1339 to block VLDL clearance, and the time course of incorporation of [3H] glycerol into VLDL triglycerides was shown to be the same in these two groups of mice (Fig. 9 C) .
Dietary fat clearance in heterozygous LPL knockout mice. A vitamin A fat tolerance test was used to assess dietary fat (chylomicron) clearance in the heterozygous LPL knockout mice. Since hydrolysis of chylomicron triglycerides by LPL is the first step in dietary fat clearance, this test is an appropriate way to assess the adequacy of the enzyme. In the absence of malabsorption, the level of plasma RP over time is inversely proportional to the rate at which chylomicrons are cleared from the circulation. A bolus of RP was administered by oral gastric tube, and plasma levels of RP were measured at 1, 2, 4, and 10 h. Fig. 10 (while +/+ and +/-pups do not), as well as intact lipidp rise in plasma trifilled pneumocytes which line the alveoli, confirms that the after suckling is due accumulation of alveolar lipid is a real pathophysiological proLt remains in plasma.
cess in these animals rather than an artifact of tissue preparation. ily route of plasma Similar findings have also been reported in combined lipasenot be true for hudeficient mice (cld) (8) . These animals have a defect in a gene, ieen the lipoprotein distinct from the structural gene for each of these enzymes, that fect triglyceride recontrols the intracellular processing of both LPL and hepatic differences between lipase. The cld mice produce inactive, nonsecretable forms of h normally does not both enzymes and develop severe hypertriglyceridemia after [de in chylomicrons birth (9) . They survive slightly longer than the LPL knockout ulates in the plasma mice but expire at 2-3 d of age. The pathologic picture in the (50). In LPL defilung is similar to the LPL knockout mice and a similar cause Muscle-specific expression of human LPL rescues LPL-deficient mice. Control (+ / +) pups, knockout (-/-) pups, and pups expressing the human LPL transgene in skeletal muscle only (mLPLO/ MCK-hLPL strain) were killed at 16 h and plasma was obtained for cholesterol measurement. Animals were bled and total cholesterol profiles were performed as described earlier.
of death has been postulated. It was previously thought that the severity of the phenotype in the cld mouse was due to the combined lipase deficiency. However, this now appears not to be the case, since isolated LPL deficiency can cause death at an even earlier age. The severity of the LPL defect and the resulting hypertriglyceridemia are probably sufficient to account for the deaths of both the LPL knockout and the cld mice. Further evidence that it is the hypertriglyceridemia that kills the mice is provided by the rescue of the LPL knockout mice by a muscle-specific human LPL transgene (46) . This rescue also demonstrates that LPL expression in a single tissue is sufficient to normalize the lipoprotein pattern and that LPL expression in other tissues of the body (i.e., adipose tissue, brain, macrophages, etc.) is not necessary for survival. Generating these animals has also established feasibility for future experiments addressing physiological effects of LPL activity at various organs on the otherwise null background. The LPL-deficient pups fail to develop normal amounts of adipose tissue. This is especially apparent in the subdermal skin layer and is presumably due to an inability to hydrolyze triglycerides in adipose tissue capillary endothelium, preventing the transport of free fatty acids into preadipocytes. These animals provide direct evidence that LPL is required for the entry of triglyceride-derived free fatty acids into adipose tissue. In addition, the LPL knockout mice also had severely depleted intracellular lipid in other tissues, such as liver and skeletal muscle, supporting the hypothesis that LPL serves as the predominant gatekeeper for the import of fat into all tissues. Greenwood (23) observed inappropriate overactivity of LPL in several models of animal obesity, as well as in human obesity, and postulated that this caused an increase in adipose tissue mass. Based on these studies, Greenwood postulated a role for LPL in the development of obesity (24) . According to this theory, increased LPL activity in adipose tissue could lead to enhanced adipose storage of fat-derived calories, and perhaps caloric deficiency in other tissues might lead to increased caloric intake as well. Thus it appears that both complete absence as well as overexpression of adipose tissue LPL can affect the amount of adipose tissue, yet moderate decreases in whole body LPL, as seen in heterozygote mice, are not enough to produce these effects as these mice reveal normal body mass composition and, in particular, normal body lipid content.
The lipoprotein patterns of the LPL knockout mice at 0 and 18 h of age have some unusual features. At 0 h, triglycerides are mildly increased and HDL-C levels are not significantly diminished compared with controls. LPL had been thought to play a crucial role in the assembly of HDL particles due to the transfer of excess surface constituents from VLDL to HDL during triglyceride hydrolysis (5) . LPL activity in post-heparin plasma has been correlated with circulating levels of HDL in humans (55, 56). Moreover, inhibition of LPL in monkeys produced a rapid decrease in circulating HDL levels and increased the rate of catabolism of apo A-I (57), the major protein component of HDL. The existence of normal levels of HDL in newborn LPL knockout mice demonstrates that at least some HDL can be formed in the absence of LPL. At 18 h, triglycerides are severely elevated and HDL-C levels are very low to absent in LPL knockout mice. In humans with type I hyperlipoproteinemia, this pattern is expected because of the exchange of triglyc- (hIm) tations in these subjects (16) . In heterozygous LPL knockout Figure 10 . Vitamin A fat tolerance in LPL heterozygote mice. Intestinal mice, VLDL turnover studies as well as more direct measureabsorption and clearance of RP was assessed in six control (open boxes) ments of VLDL production in Triton-treated animals failed to and eight heterozygote (closed boxes) mice as described in Methods.
show evidence for increased VLDL production in vivo. Our
At intervals up to 10 h, mice were bled, and serum RP content relative findings in the mouse suggest that primary LPL deficiency probto RA (internal standard) was determined. *P < 0.05. Data represent ably does not underlie the increased VLDL apo B production mean + standard error.
observed in patients with FCHL. Our findings, together with those of Brunzell, suggest that as yet unknown mechanisms may regulate LPL activity. In summary, LPL-deficient mice have extended our knowlwhile in hypertriglyceridemic diabetics it has been suggested edge of the role of this enzyme in the body. In the mouse, it that the amount of LPL is inadequate (60) , other explanations appears that LPL is required for triglyceride removal from the are possible, including increased production of triglyceride-rich circulation and is a regulator of adipocyte development and lipoproteins or decreased catabolism due to overproduction of intracellular lipid stores. These observations were unexpected apo CIII (42) . In another example, heterozygote relatives of in view of the features of type I hyperlipoproteinemic humans, type I hyperlipoproteinemic probands tend to be hypertriglyceri-and careful evaluation of the differences between these two demic, but this is associated with confounding variables such phenotypes should provide novel insights into fat transport and as advancing age and other risk factors for hypertriglyceridemia, energy metabolism. We have also shown that the offspring of including adiposity and glucose intolerance (14) . The observa-LPL-deficient mice crossed with tissue-specific LPL transgenic tions reported here in the heterozygous LPL-deficient mouse mice are viable, such mice provide an opportunity to study indicate that a primary deficiency in the LPL gene causing the effects of expression of LPL in various tissues on plasma half-normal total body LPL is sufficient to cause a significant lipoproteins as well as energy metabolism. Finally, the studies alteration in triglyceride-rich lipoprotein catabolism resulting in in heterozygous LPL knockout mice confirm that LPL is rate hypertriglyceridemia. limiting in the catabolism of triglyceride-rich lipoproteins, but In addition to hypertriglyceridemia, heterozygous LPL de-that LPL deficiency is probably not a cause of the increased ficiency has been postulated to play a role in a more complex VLDL apo B production seen in patients with FCHL. 
